as percutaneous ablative procedures such as radiofrequency rhizotomy, glycerol rhizotomy, balloon compression, and alcohol blocks. 49, 50 Because of its less invasive nature, Gamma Knife radiosurgery (GKRS) has become a well-established alternative surgical option with a low risk of complications.
Initial pain relief after GKRS has been related in part to the radiation dose delivered to the postganglionic intracranial nerve. 6, 50 As the total maximal dose increases, a higher number of patients note postprocedural trigeminal nerve dysfunction ranging from mild facial numbness or paresthesias to annoying deafferentation sequelae such as dysesthesias. 6, 22, 47 Regardless of the dose delivered, the benefit of radiosurgery may decline over time and may lead to symptom recurrence. Among management options for recurrent medically refractory trigeminal neuralgia (TN), GKRS is often appealing in patients with advanced age or medical comorbidities, especially for those patients on a long-term regimen of anticoagulation or antiplatelet therapy.
The rate of initial pain relief among patients undergoing primary GKRS for idiopathic TN ranges from 78% to 94%, with between 32% and 81% of patients experiencing complete pain relief. 6, 8, 30, 42 At a median of approximately 2 years, between 25% and 52% of these patients can develop recurrent TN. 15, 27, 46 Such patients have been found to benefit from repeat GKRS, with success rates of between 62% and 95% at a median 32-month follow-up. 1, 9, 13, 16, 18, 19, 24, 34, 36, 45 In this report, we describe our experience in a small cohort of patients who ultimately underwent 3 GKRS procedures because of the recurrence of medically intractable pain. We analyze the outcomes in such patients, including the extent and duration of pain relief.
Methods

Patient Selection
The 19 participating centers in the North American Gamma Knife Consortium (NAGKC) were polled and were queried whether they had experience in the use of the Leksell Gamma Knife for recurrent TN. Four academic medical centers reported that they had patients who underwent GKRS at least 3 times for refractory pain: the University of Pittsburgh Medical Center (9 patients), the University of California at San Francisco (3 patients), the University of Virginia (3 patients), the University of Manitoba (1 patient), and L'Université de Sherbrooke (1 patient). Each institution received institutional review board approval for retrospective clinical outcomes studies, following which the records of all patients who underwent 3 radiosurgical procedures for TN were assessed, stripped of patient identifying information, and submitted to the NAGKC clinical coordinating center. This process is similar to that used in other studies previously conducted by the NAGKC. 21 The 17 patients included in this study underwent GKRS at their respective institutions between 1995 and 2012. Pre-and post-GKRS clinical and radiographic data were assessed at a median follow-up period of 22.9 months (range 3.0-60.0 months) via outpatient visits or phone interviews conducted by clinical staff at each institution.
All patients included in the study underwent GKRS 3 times for TN that was recurrent despite ongoing medical management and prior surgical procedures. Comprehensive but individualized medical therapies included agents such as carbamazepine, oxcarbazepine, phenytoin, clonazepam, lorazepam, gabapentin, baclofen, and also serotonin reuptake inhibitors in selected patients. Although patients in this study were drawn from 4 different centers across North America, the data collection process is consistent and therefore conducive to research analyses. Each center individually performs its radiosurgical operations on patients deemed fit, in this case for a third GKRS treatment for intractable, recurrent TN. Patients are selfreferred or referred by their primary health care providers, other providers, or other centers. All centers routinely catalog the patients that go through their practice, such that their data can be easily recalled upon request, coordinated by the NAGKC clinical coordinating center, headquartered at the University of Pittsburgh Medical Center. The data are prospectively collected but retrospectively analyzed in response to a query for data corresponding to patients who met the inclusion and exclusion criteria of the study. The demographics of our series are outlined in Table  1 . There were 7 male and 10 female patients with a mean age of 79.6 years (range 51.2-95.6 years) at the time of the third GKRS procedure. Nine patients underwent a total of 18 surgical procedures prior to their first GKRS. These included 11 percutaneous retrogasserian glycerol rhizotomies (PRGRs) in 6 patients, microsvascular decompression in 3 patients, and 4 percutaneous radiofrequency thermal rhizotomies in 1 patient. One patient underwent 2 PRGRs and 1 MVD. Five of the 9 patients underwent more than one surgical procedure prior to the first GKRS. The pain distribution at the time of first GKRS was found most commonly to be along the V2 and V3 distributions (7 patients, 41.2%) and right-sided (12 patients, 70.6%). Four patients (23.5%) had facial sensory dysfunction prior to the first GKRS, manifested as hypesthesia, hypalgesia, or deafferentiation pain such as burning pain. Finally, 16 of 17 patients included in this study had Type I pain by the classification of Burchiel.
4 These patients described their pain as sharp, lancinating, and shock like with painfree intervals. 34 One patient had Type II pain, described as mostly constant, aching or stabbing pain. 43 Three patients had Type I pain suspected to be related to vascular compression as seen on brain imaging.
radiosurgical Procedures
Various models of the Gamma Knife (models U, B, C, 4C, and Perfexion, Elekta AB) were used during this study. The radiosurgical procedure has been previously described. 21, 34 After application of a Leksell stereotactic frame (Elekta Instruments) under local anesthesia and intravenous conscious sedation, all patients underwent stereotactic MRI to identify the trigeminal nerve. MRI was performed by the use of contrast-enhanced, short repetition time sequences, and axial volume acquisitions divided into 1-mm slices. Additional axial long relaxation time MRI sequences were obtained in cases in which the trigeminal nerve was difficult to identify, usually due to prior surgery. A team consisting of a neurosurgeon, ra-diation oncologist, and medical physicist performed dose selection and treatment planning.
A single 4-mm isocenter was used in all patients at the first radiosurgical procedure for targeting the trigeminal nerve. The trigeminal target was selected 3-4 mm anterior to its junction with the lateral pons. At the second radiosurgical procedure, the target was usually placed anterior to the first target for an overlap of the 2 radiosurgical volumes by approximately 50%. The target for the third radiosurgical procedure was typically distal to the first and second targets, but their overlap varied and depended on the total pons-to-gasserian ganglion distance in each patient. This process ensured less radiation to the brainstem at each subsequent radiosurgical procedure, while providing additional radiation along the trigeminal nerve more proximal to the gasserian ganglion. The median maximum target dose was 80 Gy (range 70-85 Gy) for the first radiosurgical procedure, 70 Gy (range Gy) for the second, and 70 Gy (range 40-80 Gy) for the third procedure. The median cumulative target dose was 210 Gy (range 150-240 Gy).
Follow-up evaluations
Follow-up information was obtained from the patients, their families, or their referring physicians. Data pertaining to the degree of pain relief, latency interval to pain relief, the need for further surgical procedures or medication, and new symptoms such as facial sensory dysfunction were obtained. The Barrow Neurological Institute (BNI) pain intensity criteria were used to grade the pain outcome for all patients in this study. Specifically, Score I (no pain, no medication); Score II (occasional pain, not requiring medication); Score IIIa (no pain, but continued medication); Score IIIb (pain controlled with medication); Score IV (pain improved, but not adequately controlled with medication); and Score V (persistent inadequately controlled). 43 It is to be noted that although the original score developed by Rogers et al. 43 only contained a score of III, we utilized a modification of this score to include 2 subcategories, IIIa and IIIb, defined as presented herein. For the purposes of this report, we defined BNI Score I as complete relief, BNI Scores II-IIIb as incomplete relief, and BNI Scores IV and V as no significant relief. BNI Scores I-IIIb were considered as adequate pain relief.
Data and analyses
Patient demographics and outcomes were analyzed using descriptive statistics. The rates of initial pain improvement and the maintenance of pain relief among those showing initial response were analyzed by the productlimit method of Kaplan and Meier. A p value < 0.05 was considered statistically significant. Data were collected using Excel (Microsoft Corp.) and were analyzed using SPSS (version 20.0, IBM). Table 2 details the treatment data for all 17 patients who underwent 3 GKRS procedures for their TN. Before their first procedure 12 patients had BNI Score V pain and 5 had BNI Score IV pain. The initial response was complete relief in 6 patients (35.3%) following the first GKRS, in 8 patients (47.1%) following the second GKRS, and in 8 patients (47.1%) following the last GKRS. Only 1 patient did not obtain any period of pain relief following the third GKRS. Neither the rates of complete relief following GKRS nor the time to pain recurrence was found to be statistically different for subsequent GKRS procedures compared with the first GKRS. The mean time to recurrence after each radiosurgical procedure ranged from 19.1 to 34.8 months. The average interval between the first and the second radiosurgical procedures (34.3 months) was shorter than between the second and the third procedures (47.1 months).
results
Pain response
Between the first and the second GKRS, 3 patients underwent 3 alternate surgical procedures that included 1 PRGR in each of 2 patients and a single MVD in the third patient. Three different patients underwent other surgical procedures (all PRGR) between the second and the third GKRS; 2 patients underwent 1 PRGR each, while PRGR was performed twice in the third patient prior to the third GKRS. Two patients underwent additional surgical procedures after the last GKRS-2 infraorbital nerve sectioning procedures in a single patient and a single PRGR in the other. As shown in Table 2 , in the initial period following the first GKRS, 6 patients (35.3%) experienced complete pain relief. Three others (17.6%) reported a BNI Score II response, and 4 patients (23.5%) reported each of BNI Score IIIa and IIIb responses. All patients responded to treatment. Following the second radiosurgical procedure, complete relief was reported by 8 patients (47.1%). Three patients (17.6%) reported a BNI Score II response, while 6 others experienced at least adequate relief, with a BNI Score IIIa response in 4 patients (23.5%) and Score IIIb in 2 patients (11.8%). Following the third GKRS and at a mean latency interval of 2.9 weeks, 8 patients (47.1%) reported an initial response of complete relief, and an additional 8 patients experienced adequate relief (3 patients to a BNI score of II and 5 to a BNI score of IIIa). A single patient did not respond (BNI Score IV) to treatment. Finally, at the last evaluation (mean follow-up, 22.9 months; range 3.0-60.0 months) after the third procedure, 6 patients (35.3%) reported BNI Score I pain relief, while 7 others (47.1%) reported BNI scores of IIIb or better. Four patients (23.5%) had recurrent pain with a BNI pain score of IV. Treatment outcomes are shown in Table 3 . The mean time to initial response, or latency interval, did not significantly differ among the 3 radiosurgical procedures, averaging 4.1 months after the first GKRS and a consistent 2.9 months after the second and third radiosurgical procedures. The statistical similarity among the 3 GKRS procedures is shown in Fig. 1 , which illustrates that the probability of experiencing initial pain relief as a function of time from radiosurgery did not differ among the three procedures. Figure 2 depicts the probability of maintenance of pain relief after GKRS.
complications
As shown in Table 3 , 3 patients reported the development of new trigeminal sensory dysfunction, or worsening of preexisting dysfunction, after the first GKRS procedure, and 2 patients after the second GKRS; 4 of the 5 patients described persistent sensory loss. Among the 3 patients in the former group, 1 patient presented with TN along the right-sided V3 distribution associated with hypesthesia and hypalgesia along the same dermatome; within 3 months after the last procedure the patient developed additional hypesthesia and hypalgesia along the right V2 dermatome. While his TN pain along the V3 distribution improved, the sensory dysfunction along this dermatome did not change. A second patient developed hypesthesia along the right-sided V1 and V2 distributions after undergoing GKRS for right-sided V3 pain; this patient had presented initially with numbness along the V3 dermatome (as much as 50%), which did not change postprocedurally. Finally, a third patient experienced worsening of preexisting hypesthesia after undergoing GKRS for right-sided TN primarily along the V2 dermatome. In all 3 of these patients, the trigeminal sensory dysfunction was persistent.
Following the second radiosurgical procedure, 2 additional patients reported sensory complications. Both of these patients underwent GKRS for TN pain along the right-sided V2 and V3 dermatomes. Following the second GKRS, they were noted to be 10% hypesthetic along all dermatomes of their right-sided trigeminal nerve by the 1st month of follow-up. In one of these 2 patients the sensory dysfunction resolved spontaneously by the 2nd month of follow-up, while it persisted in the other. No sensory complications were noted following the third radiosurgical procedure. It is interesting to note that despite the development of trigeminal sensory dysfunction including the V1 dermatome in some patients, no patient in our series developed corneal complications such as abrasions, ulcerations, or other keratopathy. A single patient was noted after the third GKRS to have developed scar tissue at the trigeminal root entry zone that was found on follow-up MRI, but this was not associated with evident symptomatology. This patient had, however, undergone 2 PRGR procedures prior to the third GKRS; it is likely that the scar tissue formation reflected fibrosis in response to the repeated injection and is not a response to the GKRS itself.
Discussion
The efficacy of an initial GKRS in achieving pain relief from TN has been well described. 2, 5, 6, 8, 12, 20, 30, 39, 41, 42 Unfortunately, all current surgical procedures are associated with varying risks of pain relapse. Han et al. noted that despite an initial rate of pain relief of more than 90% after GKRS for idiopathic TN, 52% of patients experienced a recurrence between 2 and 56 months post-GKRS. 15 Numerous reports have detailed success with repeat GKRS for recurrent TN, especially in patients who demonstrate a good response after initial GKRS. More than 60% of patients undergoing repeat GKRS experience at least 50% improvement in pain. 1, 9, 13, 16, 18, 19, 24, 34, 36, 45 Yet 25% of patients experienced recurrent pain (BNI Score IV or V) at a median of 17 months following a repeat GKRS. 26, 34 We hypothesized that there exists a subset of patients who may benefit from a third radiosurgical procedure, predicted by their prior favorable response to GKRS. TN is frequent in the elderly population; many of these patients are on a regimen of anticoagulation and/or antiplatelet therapy that poses bleeding risks to invasive microsurgical or percutaneous procedures. Additionally, many such patients have coexisting morbidity from associated medical conditions. In such a population minimally invasive procedures are advantageous for TN patients intolerant to, or whose pain is ineffectively controlled by, medication.
repeat GKrS for tn
Data on multiply repeated GKRS for TN in the literature to date are scant. Analyses of the safety and efficacy of more than 1 radiosurgical procedure for TN have thus far been limited to reports of a single repeated GKRS procedure. Therefore, the efficacy and safety of a third GKRS procedure can only be compared with those data for single, and single repeat, procedures. In a recent analysis of 503 patients with idiopathic, medically refractory TN, Kondziolka et al. reported that 80% of patients experienced satisfactory pain control (BNI Scores I-IIIb) at 1 year following primary GKRS and that 46% maintained this relief at 5 years after GKRS. 27 Villavicencio and colleagues reported an initial pain relief not requiring medication (BNI Scores I and II) in 67% of 95 patients who underwent first-time CyberKnife radiosurgery for medically refractory, idiopathic TN, 50% of whom maintained complete relief (> 90% pain relief) at 2 years after radiosurgery. 29, 48 Rates of initial pain relief reported in the literature for single repeat GKRS in TN patients are similar. 1, 9, 13, 16, 18, 19, 24, 34, 36, 45 In a large recent series, Park et al. described their experience with repeat GKRS for recurrent TN in 119 patients at a median of 26 months after primary GKRS and noted that 87% of patients achieved initial pain relief (BNI Scores I-IIIb), 88% of whom maintained relief at 1 year, and 70% of whom maintained relief at 3 years after repeat GKRS. 34 Aubuchon et al. and
Gellner et al., in separate analyses, also reported similar response rates for repeat GKRS for recurrent TN; 81% of 37 patients who underwent repeat GKRS after a median interval of 15 months from primary GKRS experienced > 50% pain relief in the former study, and 16 of 22 patients in the latter study experienced initial reduction in their TN pain to BNI Scores I-IIIb (from BNI Score IV or V) following repeat GKRS at a median of 19 months following primary GKRS. 1, 13 In our own series, all patients experienced significant pain relief (BNI Scores I-IIIb) after the first and second GKRS procedures and underwent a third GKRS because of recurrent pain in patients and because they were considered high risk for more invasive TN surgical procedures.
The initial repeat GKRS for recurrent TN in our 17 patients was performed at a median of 35.2 months following primary GKRS, and the third GKRS at a median of 38.1 months after initial repeat GKRS. While these intervals are significantly longer than those reported for single repeat GKRS, it must be remembered that all patients in our patient sample experienced at least adequate pain relief after both the initial and the second radiosurgical procedures and therefore are not representative of the general population. Sixteen of 17 of patients in our series, or 94.1%, experienced initial pain relief (BNI Scores I-IIIb) following the third GKRS; 8 (47.1%) were completely relieved of their pain. Although not statistically different from the rates of initial pain relief reported with primary and initial repeat GKRS for TN, this high initial success rate likely reflects a patient sample biased toward positive outcomes, supporting our working hypothesis that those patients with a prior favorable response to GKRS might benefit from a third GKRS for their recurrent, medically refractory TN. 8, 16, 18, 30, 34, 36, 42, 45 The latency to pain relief among patients undergoing initial GKRS for TN has been variously noted to range from 1 to 2 months. 8, 16, 18, 27 Kondziolka et al. reported that 89% of their patients responded to treatment at a median of 1 month after initial GKRS; Villavicencio and colleagues observed a median time to pain relief of 2 weeks following initial CyberKnife radiosurgery. 27, 29, 48 There is consensus that those patients with the fewest alternate surgical treatments prior to initial radiosurgery tend to experience the shortest latency intervals to pain relief following radiosurgery. 27, 29, 34 Among patients undergoing single repeat GKRS, Park et al. noted a median latency interval of 6 weeks, additionally hypothesizing that patients who experienced favorable responses to primary GKRS may experience shorted latency intervals after repeat GKRS. 34 It appears that our series supports this latter proposition; the median latency interval to pain relief was 4.1 weeks for the first radiosurgical procedure but 2.9 weeks for each of the repeat radiosurgical procedures. Furthermore, it appears that those patients with the greatest initial pain relief (lower BNI scores) after initial GKRS may tend to experience shorter subsequent latency intervals, although our sample is not statistically powered to validate this trend.
the effect of Other Surgical Procedures on Outcomes
The impact of interval alternate surgical procedures between GKRS procedures for TN has not been well established. 3, 18, 40, 46 Among patients undergoing primary PRGR for classic TN, rates of initial pain relief of between 79% and 92% have been reported, with 50% of patients pain free after 4 years. 7, 17, 32, 35 Among patients with recurrent TN after PRGR who undergo GKRS, repeat PRGR has been reported to be associated with faster pain relief than repeat GKRS (median time to pain relief < 24 hours), but shorter duration of pain relief, greater perioperative morbidity, and a higher failure rate than GKRS. 31, 32 One patient in our series underwent PRGR 17 months following the third GKRS. Initial pain relief after radiofrequency rhizotomy for TN has also been reported to occur in a high percentage of patients, between 97% and 100%, with 50% maintaining relief at long-term follow-up. 23, 28, 32, 33 As with repeat PRGR, however, the efficacy of repeat radiofrequency rhizotomy is dramatically lower than that with repeat GKRS. Recurrence rates of even 100% have been reported in less than 2 years following repeat PRGR. 23, 28, 33 It appears in our series that outcomes following the third GKRS are influenced more by prior response to GKRS rather than by a history of additional surgical procedures performed in this patient cohort.
trigeminal Sensory Dysfunction after triple GKrS
The greatest potential risk of repeat radiosurgery procedures is cumulative trigeminal sensory dysfunction. After primary GKRS for TN, some degree of trigeminal dysfunction has been reported to occur in between 6% and 54% of patients. 6, 15, 27, 34, 38, 39, 41, 46 In 11%-74% of these patients there is worsening of preexisting trigeminal disturbance or new onset of dysfunction following repeat radiosurgery for TN. 1, 9, 13, 16, 18, 21, 24, 27, 34, 43, 45 Most patients with TN typically report satisfactory pain relief without bothersome sensory dysfunction following the radiosurgical procedure. Yet several studies have correlated trigeminal sensory loss following GKRS with improved pain control. 21, 24, 27, 34 In our series, 3 patients (17.6%) developed trigeminal sensory dysfunction following the primary GKRS. These included hypesthesia in 3 patients and hypalgesia in 1 patient. One of the 2 patients with new hypesthesia experienced permanent worsening of the dysfunction after the second GKRS. One additional patient reported temporary hypesthesia after the second GKRS that resolved within 2 months of the procedure, and a second patient developed persistent hypesthesia. It is interesting to note that no patient in our series experienced new or worsening of a trigeminal sensory disturbance following the third GKRS. As has been mentioned, higher doses at individual treatments can yield better pain relief but with more sensory disturbance. 6, 22, 27, 29, 34, 47, 48 However, it may be that cumulative doses need to be much higher than reported here to produce dramatically higher rates of sensory disturbance.
Our record of trigeminal sensory disturbances as complications of radiosurgery merits further explanation regarding the method of their follow-up. Side effects postradiosurgery are primarily sensory in nature; in addition, sensory side effects are often not patient reported but come to notice only upon careful examination by a skilled health care practitioner. Proper follow-up is therefore crucial to an accurate record of outcomes, especially those pertaining to sensory function and following radiosurgery. All patients in our series routinely undergo followup in a neurosurgical clinic with providers who perform the neurological examination in a consistent manner and religiously document their findings. No patient in our series was lost to follow-up; therefore, all data pertaining to sensory function were obtained from in clinic visits. If patients were found to have sensory complications, their severity was monitored and follow-up information was obtained via phone calls to patients or reports from their primary care providers.
Park et al. recently reported that the maximum cumulative lateral pontine edge dose predicted the development of facial sensory dysfunction, noting 44 Gy of cumulative brainstem dose as the cutoff. 34 In another study, Huang et al. observed that 115 Gy of cumulative maximum target dose increased the chance that patients developed new sensory symptoms. 19, 20 In yet another study, Aubuchon et al. reported 108.5 Gy as the threshold beyond which sensory disturbances from GKRS may be realistically expected. 1 In this context, the lack of sensory dysfunction among our patients may relate to target selection at each GKRS; moving the target anteriorly (closer to the gasserian ganglion) with each subsequent radiosurgical procedure limits the dose that is received by the brainstem. In theory it might, however, increase sensory loss by targeting the cell bodies located in the gasserian ganglion. It is likely that target location, dose, and the time since prior radiosurgical procedure are the key variables to consider in optimizing GKRS for TN.
Maintenance
Dose-selection and target positioning for primary GKRS for TN have become increasingly uniform since the first multiinstitutional study by Kondziolka et al., yet controversy surrounds that for repeat GKRS. 26 Between 70 and 90 Gy is generally accepted as optimal for pain control at the first radiosurgical procedure; doses of 90 Gy are associated with faster onset of pain relief and perhaps longer duration of pain relief.
14, 25 Historically, most authors have recommended a reduced dose at the second radiosurgical procedure, for a cumulative dose of 115-170 Gy. 3, 16, 18, 19, 36, 37, [44] [45] [46] In a recent series of 119 patients undergoing repeat GKRS for recurrent TN, Park et al. reported using a median cumulative dose of 145 Gy (range 120-170 Gy) and obtaining an 87% initial pain relief (> 50% pain relief or BNI Scores I-IIIb). 34 The pain relief was maintained in 69.8% of these patients at 3 years following GKRS and in 44.2% at 5 years.
14 As stated earlier, in our series, a single 4-mm isocenter was used in all patients at the first radiosurgical procedure for targeting the trigeminal nerve. The trigeminal target was selected 3-4 mm anterior to its junction with the lateral pons. To avoid excessive radiation to the brainstem and to minimize adverse effects, the target at the second radiosurgical procedure was usually placed anterior to the first target for an overlap of the 2 radiosurgical volumes by approximately 50%. The target for the third radiosurgical procedure was typically distal to the first and second targets, but their overlap varied and depended on the total pons-to-gasserian ganglion distance in each patient. This process ensured less radiation to the brainstem at each subsequent radiosurgical procedure, while providing additional radiation along the trigeminal nerve more proximal to the gasserian ganglion. The median maximum target dose was 80 Gy (range 70-85 Gy) for the first radiosurgical procedure, 70 Gy (range 40-80 Gy) for the second, and 70 Gy (range 40-80 Gy) for the third procedure. The median cumulative target dose was 210 Gy (range 150-240 Gy).
Overall, 8 of 17 patients (47.1%) experienced complete initial relief following the third GKRS. Of note, only 3 of these patients reported complete initial pain relief after primary GKRS, while 6 patients reported this following the second. The mean cumulative dose received by the 8 patients who experienced initial complete pain relief following the third GKRS was 195 Gy. Interestingly, the mean cumulative dose in the remaining nine patients was 220.5 Gy (BNI Scores II-V). This observation appears to contradict the expectation that higher doses lead to greater pain relief, but it must be viewed in context. Each of the 17 patients undergoing 3 separate GKRS procedures was subject to a steep elevation in his/her cumulative radiation dose with each repeat GKRS. There may exist a threshold cumulative dose beyond which the rate of pain relief plateaus or even falls. 1, 9, 24 It must be noted that despite the median cumulative target dose of 210 Gy, there were no adverse brainstem injuries in our series; it appears that optimal target selection can help to avoid pontine injury. Figure 3 demonstrates the lack of signal changes in the brainstem with the increasing cumulative radiation to the brainstem margin. Figure 4 is a composite depicting the target selection in a single patient and the dose histogram received by the brainstem at each of the first, second, and third radiosurgical treatments.
The 17 patients in our series experienced recurrent TN after a second radiosurgical procedure at a mean of 34.8 months (range 3.0-72.0 months). Every patient experienced acceptable initial pain relief after both their initial GKRS (including 6 patients who experienced complete pain relief) and second GKRS (8 patients experienced complete relief). It has been suggested that patients who experience complete pain relief after primary GKRS and experience recurrent TN in a reduced trigeminal distribution have the greatest chance at initial adequate pain relief after repeat GKRS. 13, 18 In our series, 6 patients experienced recurrent TN in a distribution different from that at the original presentation or after the first or second radiosurgical procedures; in 2 patients, this was a reduced distribution. Consistent with literature findings, repeat GKRS achieved complete initial pain relief from TN in both of these patients.
At a mean follow-up of 22.9 months following the third radiosurgical procedure, 6 patients (35.3%) continued to report complete pain relief (BNI Score I); 7 others (41.2%) reported incomplete but satisfactory pain relief (BNI Scores II-IIIb). This high rate of at least adequate pain relief, in 76.5% of patients, is comparable to pain outcomes described for repeat GKRS for TN. In addition, the time to initial response did not significantly differ in our series from the first to the second or the third radiosurgical procedure, averaging 2.9 months after both the repeat procedures. Initial pain relief after the second GKRS has been reported to occur at a median of approximately 3 months. 15, 34, 46 
Pain recurrence Despite 3 GKrS Procedures
Four patients developed recurrent TN (BNI Score IV) by the time of last follow-up after the third GKRS. This rate of 23.5% at an average interval of approximately 2 years (mean 19.1 months among those who developed recurrent TN) is similar to the rates reported for initial repeat GKRS in the literature, with recurrence rates ranging from 11% to 38% at a mean interval of 18.6 months. Pain relief after the initial repeat GKRS in our series lasted an average of 34.8 months. Two patients who developed recurrences reported an initial BNI pain score of I following the third GKRS, while in the other 2 patients, one reported a BNI score of II and the other a BNI score of IIIa. All 4 patients had typical TN. One of these 4 patients underwent 2 PRGR procedures following the second radiosurgical procedure, but otherwise the 4 patients with recurrent TN (BNI Score IV or V) did not differ in demographics or treatment characteristics from the others at the time of the third GKRS.
Second repeat GKRS for medically refractory TN appears to be a promising treatment modality especially in elderly patients or those who may be poor surgical candidates due to coexisting comorbidities. This study is a retrospective analysis of patients who underwent a third GKRS procedure for intractable TN and, as such, is subject to all retrospective biases of clinical research. This study is not suitable to offer insights regarding practice guidelines or to make suggestions regarding optimal treatment options for patients. Prospective, randomized, well-controlled trials are necessary to fully evaluate and accurately assess the best form of treatment for patients with recurrent, intractable TN in whom other therapeutic modalities have failed, but these trials may not be feasible because of small patient numbers and the need for individualization based on prior treatment and factors affecting suitability for various treatment options. All patients included in our study were expected to benefit from a third GKRS because of their uniformly favorable responses to both first and second radiosurgical procedures (relief to at least BNI Scores I-IIIb). From our preliminary experience presented in this report, then, it appears that a third GKRS procedure may be best suited for patients who are poor candidates for alternative therapies because they: 1) are of advanced age and/or have severe general medical comorbidities, 2) are on a regimen of anticoagulation medication, 3) have undergone prior surgical procedures that have failed, or 4) continue to experience intractable pain despite maximal and varied medical therapy.
It is important to understand some key limitations of our study. To our knowledge, this represents the largest study sample to date. Analyses of safety and efficacy of multiple GKRS procedures have been limited thus far to those of single repeat GKRS only. Consequently, comparisons that we wished to make between our results and those in the literature, such as extent or duration of pain relief and rate of complications, were forced to be made with studies based on single repeat GKRS for TN, or studies of alternate treatment options for recurrent, intractable TN. We recognize that this is not ideal, but in the absence of a robust body of literature built around double repeat GKRS for TN, this is the best comparison available. It is unfortunate that the small population of individuals who would be candidates for a third GKRS procedure prevents rapid accumulation of evidence upon which to base future practice. Although this report may suffice for a preliminary summary of outcomes and a review of triple GKRS for TN, future prospective, randomized controlled trials would be ideal to more precisely determine the optimal treatment modality for medically refractory, recurrent TN, and, as stated above, to offer practice guidelines.
conclusions
Gamma Knife radiosurgery is the most minimally invasive management option for patients with medically refractory TN. It is feasible in most patients, regardless of age or medical condition, including patients receiving anticoagulation or antiplatelet therapy. It has found success for recurrent TN as well, and, as we found in our analyses, GKRS appears to be a safe, moderately effective and long-lasting management tool for recurrent and refractory TN. No new instances of trigeminal sensory dysfunction were noted following the third GKRS, even after an extended follow-up. No patient suffered a pontine injury, developed diplopia, corneal anesthesia, or experienced a delayed vascular ischemic event. Key variables to optimizing treatment outcomes with GKRS may be cumulative dose selection, target selection, and timing from prior GKRS. The versatility in applicability of GKRS to non-or poor open surgical candidates and its successes in the treatment of recurrent TN, as we discovered in our series, suggest that triple GKRS may offer an important tool in the management of medically refractory, recurrent TN especially in patients that have had good outcomes with prior radiosurgical procedures.
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